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Abstract 
A heating system that combines a ground source heat pump and solar collectors with a combistore was measured in detail in the 
laboratory by means of "whole system testing". The test rig thereby emulated a building with floor heating, hot water tappings, 
flat plate solar thermal collectors and a ground source heat exchanger. The tested heating system covered the heat demand for 
space heating and domestic hot water preparation in a reliable way with a good annual system performance factor of 4.5 that was 
determined after the physical test by means of test-calibrated simulation models. Nevertheless the measurements revealed that 
there is still room for improvements. It was found that the heat pump operates in space heating mode in an oscillating on/off 
behavior with short runtimes and respectively with a high number of starts and in addition with a supply temperature that is in 
average 8 K above the temperature that is needed in the heat distribution. Furthermore a significant transport of energy, from the 
upper part of the store that is reserved for domestic hot water preparation to the lower part, reserved for space heating, was 
detected. 
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1. Introduction 
The efficiency of heating systems for domestic hot water preparation and space heating is not only depending on 
the efficiency of the single components, but also on their interaction. This is especially true for the combination of 
 
 
* Corresponding author. Tel.: +41 55 222 48 32; fax: +41 55 222 48 44. 
E-mail address: robert.haberl@solarenergy.ch 
 14 The Authors. Published by Elsevier Ltd. 
l ction and peer review by the scient fic confere ce committee of SHC 2013 under responsibility of PSE AG 
362   Robert Haberl et al. /  Energy Procedia  48 ( 2014 )  361 – 369 
solar combistores and heat pumps. The main reason for this is the strong dependency of the heat pumps’ coefficient 
of performance on the temperature difference between the source and the sink. Two separate field studies that were 
presented independently of each other [1,2] show unsatisfying results of combined solar and heat pump systems, and 
unnecessary high temperatures on the sink side of the heat pump were identified as one of the reasons for this. The 
goal of the study presented in this paper is to test such a system very detailed in the laboratory by means of whole 
system testing [3] with a high accuracy and time resolution and by this reveal the real performance of such a system 
just as it would be installed in a house. 
 
Nomenclature 
CCT Concise Cycle Test 
COP coefficient of performance 
DHW domestic hot water 
HP heat pump 
IHX immersed heat exchanger 
N Number 
Q Energy, kWh 
SPF seasonal performance factor 
T Temperature, °C 
TES thermal energy store 
W Work, kWh 
2. Methods 
For the evaluation of the performance of such complete heating systems as a whole in a laboratory, a test cycle 
was developed (the so-called Concise Cycle Test, CCT) at the Institut für Solartechnik SPF more than ten years ago 
[4,5]. This whole system test method was now used to evaluate a combined solar and heat pump (HP) system in 
detail under realistic conditions. The core of the test is a 12-day measurement of the complete system, where the 
heating system must act autonomously to cover the heat demand of a single family house. Figure 1 shows the 
concept of the test: The building (140 m2 heated area, 100 kWh/(m2a) heat demand for space heating, 2900 kWh/a 
heat demand for domestic hot water preparation) with heat distribution (floor heating), the solar collectors and the 
ground source heat exchangers are simulated or emulated, respectively. The HP and thermal energy storage (TES), 
piping, valves and all controllers are installed. The climatic data for the 12-day test represents a typical year in Swiss 
Midlands (Zürich). This physical test shows the overall functionality of the system and reveals potential mal-
functions. But it is not possible to extrapolate the results to annual performance figures directly since the most 
important factors (climatic conditions, building heat demand and energy content of the store) cannot be easily 
extrapolated. Therefore it is necessary to generate a measurement-validated simulation model of the heating system 
subsequent to the physical test that is further used to evaluate the system in light of annual performance summaries. 
3. Tested system 
The tested system is a parallel system that combines flat plate collectors and a ground source HP with a single 
thermal energy store (combistore). Information about the single components (TES, collectors and HP) can be found 
in Table 1. The TES is a Tank-in-Tank combistore with immersed heat exchangers (IHX) for preheating of the 
domestic hot water (DHW) before it enters the inner tank of the Tank-in-Tank and to charge the storage with solar 
heat. The HP delivers heat directly to the store with a three-pipe connection: The connection for the return flow of 
the HP is always in the lower part of the store while the connection for the supply is switched via a three-way valve 
between DHW-preparation (in the upper part) and space heating (SH, in the middle part). It is possible to deliver 
(part of the) heat directly to the heat distribution system in case of SH. Operating times for DHW-preparation are 
limited to a time slot from 3 pm to 10 pm. 
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Figure 1: Concept of laboratory measurements. The building with heat distribution, the solar collectors and the ground source heat exchangers are 
simulated or emulated, respectively. The heat pump and combistore, piping, valves and all controllers are installed. 
Table 1: Components of the combined solar and heat pump system that was tested in the laboratory. 
TES   
Type Tank-in-Tank  
Storage volume [m3] 0.9 
Diameter with insulation [m] 1 
Diameter without insulation [m] 0.8 
Height with insulation [m] 2.1 
Solar collectors 
  
Type Flat plate collectors  
Gross-/Aperture area per collector [m2] 2.8 / 2.5 
η0(a) [-] 0.82 
a1(a) [kJ/(m2K)] 3.9 
a2(a) [kJ/(m2K2)] 0.011 
Number of collectors [-] 4 
(a)related to the aperture-area   
Heat pump 
  
Type Ground source heat pump 
Maximum / Minimum thermal power (S0W35) [kW] 8.2 / 8.2 
Maximum electric power consumption [kW] 2.4 
       
controller
heat pump
solar collectorsbuilding
heat distibution
simulated / emulated components
installed and measured
TESground
source
mains
water
domestic hot water
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4. Results of physical tests 
Previous to the 12-day test, where the complete system is tested and hence the interaction of the components is 
very important, the most important individual components were investigated in separated tests. 
4.1. Test of individual components 
The HP was measured in a non-steady state to get the parameters for the HP model. For this purpose charging 
cycles of a DHW-tank were performed. The tank was conditioned to a uniform temperature of 20 °C while the HP 
was switched off. In the next step the HP was used to charge the tank. This procedure was repeated with different 
temperatures on the evaporator and flow rates on the condenser. The result of the approach are continuously rising 
return and flow temperatures for the condenser, for different (constant) temperatures at the evaporator as shown in 
Figure 2. The COPs that are recorded in the datasheet of the HP are about 0.1 … 0.9 points higher than the measured 
ones. This difference can be explained with the power consumption of the pumps on the source and sink side that 
are fully included in our measurements, but are only partially included for standard heat pump testing under steady 
state conditions. 
 
Figure 2: COP during charging cycles of a DHW-store with different mass-flow rates and source temperatures. 
 
TES measurements were conducted to determine the thermal mass and the heat losses to the environment. 
Therefore the TES has been charged completely to a homogenous temperature of about 60 °C before the heat was 
extracted using the DHW-loop. In a second step the procedure was repeated with a standby time before the heat was 
extracted. For this measurement, the TES was already installed with the complete system, meaning that all hydraulic 
parts were connected to the TES. Therefore, the thermal losses that were determined with this test not only contain 
the losses of the TES but also losses through circulation in the pipings etc. The total averaged losses amount to 
7.7 W/K. 
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4.2. Test of the complete system 
During the 12-day test, the system must act autonomously to cover the heat demand of the virtual building. 
Measurements are conducted at the interface between the test rig (that simulates and emulates the building) and the 
tested system (compare Figure 1). Table 2 gives an overview over the results of the 12-day test. The performance 
factor of the complete system (PFSHP+) was calculated according to Equation 1 that is in agreement with the 
definitions given in the IEA SHC Task 44 / HPP Annex 38. It is calculated by the amount of heat that is delivered to 
SH (QSH) and DHW (QDHW) and the total amount of the electric energy consumption (Wel). That means that the 
system boundary for the energy balance includes all components that are installed in the technical room, including 
the TES and the heat distribution system (electricity consumption of the SH-pump). 
 
 
ܲܨௌு௉ା ൌ 
ܳௌு ൅ ܳ஽ுௐ
௘ܹ௟
 (1) 
Table 2: Results of the 12-day test of the complete heating system. Tamb,av = Mean ambient temperature; Ihor = Aggregate amounts of global 
horizontal plane solar irradiance; QSH = Heat supplied to the space heat distribution; QDHW = Heat supplied to DHW; QHP,SH = Heat delivered by 
the HP in SH-mode; QHP,DHW = Heat delivered by the HP in DHW-mode; Qevap = Heat from the ground source; QC = Heat from the solar collector 
loop to the storage; Wel = Total electricity consumption; Nstarts = Number of starts of the HP; PFSHP+ = System performance factor. 
day Tamb,av Ihor QSH QDHW QHP,SH QHP,DHW Qevap QC Wel Nstarts PFSHP+ 
 °C kWh/m2 kWh kWh kWh kWh kWh kWh kWh - - 
1 1.1 0.621 -85.2 -6.3 78.6 12.5 73.5 1.5 21.9 26 4.2 
2 -2.7 1.308 -99.5 -8.8 89.5 12.2 82.0 7.1 24.8 25 4.4 
3 7.4 3.643 -42.8 -13.6 24.8 14.0 32.0 17.4 10.6 16 5.3 
4 4.4 4.775 -60.5 -6.3 42.3 2.6 36.8 26.7 10.8 17 6.2 
5 11.2 3.868 -23.5 -10.6 12.8 9.8 18.5 14.4 6.9 9 5.0 
6 10.6 3.329 -26.8 -7.1 13.3 8.0 17.2 15.1 6.4 9 5.3 
7 15.3 6.084 -10.8 -4.7 7.7 1.2 6.6 28.6 3.4 7 4.6 
8 18.7 4.373 0.0 -4.1 -0.1 -0.4 -0.7 18.6 1.4 2 3.0 
9 15.3 5.350 -4.0 -7.3 -0.3 -0.3 -0.9 30.9 1.6 2 7.2 
10 7.7 1.612 -34.2 -7.9 8.1 7.7 12.6 9.4 5.4 5 7.7 
11 0.0 1.392 -75.2 -12.7 59.2 12.9 58.5 13.8 17.7 20 5.0 
12 4.5 0.815 -57.1 -10.6 46.9 19.7 54.4 4.3 17.3 22 3.9 
Tot. 7.8(a) 37.170 -519.7 -99.9 382.7 100.0 390.6 187.6 128.0 160.0 4.8 
(a)mean value 
 
Figure 3 shows the accumulated energy (heat) that was measured during the 12-day test below a certain supply 
temperature that is displayed on the x-axis. It can be seen that the HP delivered its heat for SH at a temperature level 
between 32 °C and 40 °C whereas the consumption for SH (measured after the mixing valve) was at a temperature 
level between 23 °C and 33 °C. That means that the HP delivered its heat with a temperature that was around 8 K 
higher than the consumption. Assuming that the COP of the heat pump decreases by about 2 %/K, an increase in 
electric energy demand for the heat pump of approximately 16 % can be expected, corresponding to a reduction of 
more than 0.5 points of the performance factor. 
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Figure 3: Accumulated energy over the temperature where it was supplied (QHP,SH, QHP,DHWand and QC) or consumed (QDHW and QSH). The decisive 
temperature is in each case the flow temperature. 
 
Figure 4 shows the progress of the 5th test day of the 12-day test. The temperatures of the TES were measured 
with contact sensors that were evenly spread over the height of the tank. The HP is running in SH-mode at the 
beginning of the day and charging the DHW zone of the TES at around 3 pm. The positions of the sensors TS4 and 
TS5 are within the SH part of the TES, TS6 is still influenced by the SH operation.  
After the HP charged the DHW zone of the TES, the temperatures at positions TS5 and TS6 were almost 50 °C 
and at position TS4 still 40 °C. Water with these temperatures is then drawn and mixed down to supply space heat 
(with around 30 °C) between 6 pm and 12 pm. The HP does not have to start during this time in SH-mode. The 
energy that was supplied for charging the DHW zone through the HP amounts to 7.3 kWh while the energy 
consumption for DHW was 10.6 kWh. Taking into account the preheating of the cold water from the mains in the 
lower part of the store from 10 °C  to 30 °C (temperature in the middle of the TES), the heat pump only needs to 
heat from 30 °C to 45 °C and is expected to deliver only half of the heat needed for the overall DHW preparation at 
high temperatures to the DHW zone of the TES. Therefore, there was too much energy supplied in DHW-mode. 
 
 
 
Figure 4:  Measured temperatures and power on the 5th test day of the 12-day test. TS8 … TS2 = Temperature measured with contact sensors on 
the tank; PDHW = Power of draw-offs; PSH = Power of space heating; PCond = Power supplied by condenser; Pcoll = Power supplied by solar 
collectors. 
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Figure 5 shows exemplary the charging of the DHW-part of the TES. It shows that the temperatures in the outer 
part of the TES (measured with contact sensors on the outside wall of the TES, TS2 – TS8) rises faster than the 
temperature inside the inner tank (measured with an immersed sensor, Tdhw). After the HP finished charging the 
DHW-part the temperatures adapt to each other, that means that the temperature in the inner tank rises and the 
temperature in the outer part drops. The maximum supply temperature of the HP is 57 °C while the temperature in 
the inner tank reaches 52.5 °C. 
 
 
Figure 5: Measured temperatures during test-day 2. TCondIn = Return temperature of the HP; TCondOut = Supply temperature of the HP; 
Tdhw = Temperature inside the inner tank, measured with a thermometer pocket; TS2 … TS8 = Temperature measured with contact sensors 
attached to the outer tank wall. 
 
 
Figure 6 shows the ratio of the heat [kWh] that was supplied by the HP in DHW-mode divided by the heat drawn 
[kWh] for DHW. As explained above, these values should be much lower than 100%, and approaching zero with 
increasing solar fraction. Values of more than 200 % indicates that energy was transported from the DHW zone of 
the TES to the SH zone of the TES. This leads to a shift from space heat operation of the heat pump to DHW 
charging by the heat pump with a negative effect on the average performance factor. 
 
 
 
Figure 6: Energy supplied by the HP in DHW-mode (QHP,DHW) divided by the consumed DHW-energy (QDHW). 
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5. Results of the annual simulations 
For the calculation of the annual performance factors, the complete system with all components was modeled in 
the simulation program TNRSYS. Based on the measured data, the simulation model was parameterized to 
minimize the deviation between the 12-day simulation and the 12-day measurement for each single day. Figure 7 
shows the accumulated energy from the measurement (thick lines) and the simulation (thin lines over the thick 
lines). This parameterized model was used to perform annual simulations. The results of this simulation are shown 
in Table 3: The resulting seasonal performance factor of the annual simulation is 4.5, and thus 0.3 lower than for the 
12-day measurement. 
 
 
Figure 7: Accumulated energy from 12-day measurements and 12-day simulation. 
 
Table 3: Result of the annual simulation with the parameterized simulation model of the tested system. Tamb,av = Mean ambient temperature; Ihor = 
Aggregate amounts of global horizontal plane solar irradiance; QSH = Heat supplied to the space heat distribution; QDHW = Heat supplied to DHW; 
QHP,SH = Heat delivered by the HP in SH-mode; QHP,DHW = Heat delivered by the HP in DHW-mode; Qevap = Heat from the ground source; QC = 
Heat from the solar collector loop to the storage; Wel = Total electricity consumption; PFSHP+ = System performance factor. 
Month Tamb,av Ihor QSH QDHW QHP,SH QHP,DHW Qevap QC Wel PFSHP+ 
 °C MWh/m2 MWh MWh MWh MWh MWh MWh MWh - 
1 -0.1 0.037 3.003 0.284 2.740 0.469 2.65 0.169 0.794 4.1 
2 -0.8 0.068 2.670 0.264 2.399 0.335 2.26 0.299 0.675 4.3 
3 5.4 0.111 1.808 0.308 1.449 0.352 1.48 0.468 0.453 4.5 
4 8.9 0.153 1.099 0.290 0.694 0.222 0.74 0.560 0.246 5.3 
5 12.9 0.209 0.523 0.244 0.275 0.098 0.30 0.585 0.122 5.9 
6 14.3 0.205 0.500 0.199 0.226 0.146 0.29 0.523 0.125 5.0 
7 17.0 0.225 0.000 0.177 -0.027 0.028 0.02 0.443 0.040 4.4 
8 18.4 0.197 0.000 0.163 -0.030 0.000 0.00 0.456 0.031 5.2 
9 15.0 0.155 0.168 0.217 0.018 0.049 0.09 0.518 0.061 6.4 
10 9.3 0.086 1.119 0.220 0.738 0.270 0.90 0.436 0.285 4.8 
11 5.0 0.046 1.957 0.253 1.621 0.410 1.73 0.259 0.511 4.3 
12 2.5 0.027 2.663 0.284 2.375 0.535 2.41 0.116 0.710 4.1 
Total 9.0(a) 1.518 15.511 2.904 12.477 2.913 12.86 4.832 4.053 4.5 
(a)mean value 
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6. Summary 
The measurements of the combisystem with a ground source heat pump show a system that covers the heat 
demand in a reliable way with a good annual system performance factor of 4.5. Therefore, even if this system would 
have been tested in the field, most probably no optimization potential would have been identified due to the results 
which are satisfying in general. Nevertheless the measurements revealed that there is still room for improvements in 
detail: 
x There is a significant transport of energy from the upper part of the store that is reserved for domestic hot water 
preparation to the lower part, reserved for space heating. 
x The supply temperature of the heat pump in space heating mode is on average 8 K above the temperature that is 
needed for the space heat supply. 
x The heat pump operates in space heating mode in an oscillating on/off behavior with short runtimes and 
consequently with a high number of starts. 
Inspired by the laboratory measurements presented in this paper as well as field test results presented earlier [6], 
the paper of Haller et al. [7] in the proceedings of this conference analyzes  the influence of hydraulic connections 
and control strategies in systems that combine solar combistores with heat pumps and gives recommendnations for 
design of hydraulics and control.  
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